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ABSTRACT 

i 


Partition in aqueous two phase polymer systems is a potentially us^ul s i>^ 

■ ,’'>m 

procecure in downstream processing of sotn molsular ana particulatrj ^ 


olomaterial.i. The potential efficiency of the process for partici&Nano cell 
lsolaeio/)s is •'men hiqner tnan tne useful levels aireaay acnievec. Space 
provides a uoigue environment in wnich to test the nypotnesis that convection 
anci settling pnenqmena aegraae tne performance of tne partition process. The 
intiai soace exoeriment in a series arrivea at testing tnis nypotnesis is 
tescripec. 


Partition in Two Pnase Aqueous S'/stens 
aioteennoioay, ana tne qasic rasearen on wnicn it is ogaec, ceoenos neavih/ 
joon effective seoaration anc purification processes. Oownstream processing 
is frsQuentiy the major cost component in tne orpouction of a wice variety of 
fsrmentacipn prpoucts. Tnis is cramatioaii/ iliustrateo in figure tsKen 
from Dwyer (1), in wnicn it is seen tnat tne selling costs of a wnoie ranoe of 
piotecnnoiogicai materials are inversely proportional to tne initial 
concentrations at wnicn tne species in question are founo in tne fermentation 
orotn. rience, the development of inexpensive ana effective seoarati'on 

proceoures is of major concern to the oioteermoiogy inoustry. 
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Ont {|*uc;h jwhich is beginning tp psceive considerable attenUop in this 

regtfd is pe'rt|tioning in aqueous two pr\ase systeoil (2). In this techniqye^^^^^^ 

f. 1.::: . J ■ ' - ^ ^ ■ 

phase separation is induqed in an aqueous solution by the addition of two 
incompatible polymers,^ such as dextran and poly(ethylene glyddi) (PEG), cr one 
poly<ner, Typically P^^^ a hign concentration of a salt such as socium 
phosohate# The resulting two phases provide an extremely benign environment 
for the seoaration via partition of almost any type of biological materiali 
from polypeptides ana macromolecules up to whole, viable cells (2). 


The principle biotechnological interest in aqueous phase partitioning at 
present is its aoolicaticn in the isolation of macromolecules. -iawever, the 
0 reparation of pure: suboooulations of viaole cells from che cottolsx mixtures 

, " ' r : ; p— i , . I " 

in which they are fpun^ is also a proolem in a numoer of ^reas of oommercial 
interest, the isolation of insuiin-orccucing ceils for the csveioomenc of an 
imoiantaole artificial pancreas oeinq one examoie (3). Sucn aapiicacions 
rscui-e nign resolution, gencis orccecures, oraractsristios .ynion ara 
featurs of the oartioning orocess. 




Iz is oernaps 'worthwniia zo coinc out that mere are */erv few tecnnioues 


ivaiiaole wnicn are caoaoie of seD_aratihg ceil sucocouiacions on cne oasis of 
orooerties tnac are r^ to tre oioloaicai function of the oeii. iaii 

types may differ from one anocher oniy in the nature or amount of a Sinaia 
surface -membrane Gonscitueht, for axampie, a characteristic that wouiq be 
insufficient to base a seoaration on;using most aoproacnes. One tacnnicue, 
flow cytometry (also known as fluoiescence-activaceo ceil sowing) ^ does 
provide highly specific seoarations, being able to seiect out of a ooouiatlon 
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those bearing a sufficient density of fluorescently labelled antibodies 

, ' i ! : ■ : ■ ;:i : 

directed against a particMlar Th^ througtput is low, 

ho*|ever,i since cells afe sorted one at; ^ and only one or two surface 
features can be utilized on any particular population. Viability can be 
ifflpairea by the sorting procedure, and only one or two subpopulations can be 
isolated; no equivalent to chromatoqrE.‘iny - based on the antigen density , for 
instance • is possible. Were this technique caoaole of processing much Larger 
nunoers of cells efficiently it might be aoplicaple to clinical problems such 
as the separation of normal stem cells from tumor cells in bone marrow 
aspirates, for example. A solution to this prooiem would lead to much greater 
success in the tzeacment of some leukemias and other types of hematological 
cancers. 


Thus, a neeo exists for a cell surification tecnnioue that is aole to so^rt 
large, heterogeneous mixtures of cslls on the basis of soecific, subtle 


features of tne ceil surface. To a certain extent free- flow eiectroonoresis 




fulfills this criterion, being caoabie of soatially oistribucing a ceil 
ooouiation on the basis of tne net cnarge censity associated with the ceil 
surface. However, partitioning also meets tne aoqve criterion ana is a more 
sensitive, more versatile anc simoisr tecnnicue. Moreover, it is caoaoia of 
seoarating ceil pooulations that are functionally cistincc cut 
eiectroonqrecticaily indistinguisnaole. 


Cell partitioning in two pfiase systems consisting of aoueous solutions of 
dextran (a neutral polysaccharide) aha poly(etnylene glycol) (PEG) has been 
Shown to be caoaole of isolating cslls on the basis of cell surface charge. 
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hydroQhoblcltyi diffe^tiai compaUbiUty of bhe cell glycocalyx with phase 


polyiners and the presence of giogps sqch as antigens apd receptors wbich have 

. . ' ■■ ' r ■ ' '--J ;■ 

a strong affinity fpr soluble agi^t. The bases -for these dependencies 
have been thorbuqhly reviewed in recent books (2,4)^ The separations 


presentjiy obtainaoie are useful in a wide variety of setting s^ fajnecheless. 


it is clear from the ‘work described below that tne efficiency of the process 
is potentially ver/ mucn higher than currently available* 


of the iTwst poweifdl and Sxc the -he types of separation unoer 

development is immunoaffinity partitioning.. In this aoproach antibooies (Abs) 
directed against an antigen unicue to the cell type of interest a.re 
ceri‘/atized with one of the qnase polymers, usually i?£(5t s50^ thac^ t 
comoiex partitions strongly into the PEd«ricri too cnase. When the comolex 
Pi.ncs to the cell of interest, that cell likewise Increases its oartitisn into 
the r~Q-ticn onase because the AEG coatiM surface free energy in 

that snvironment wniie raising it in the oextr3n;**7i^^ ohase*, At-present t-nis 
techhiicue is successful in isolating species tea ring nign ' ssrcenc ration of 
’'IcaOifio surf ice ancigenSv'-orpviOing a cuitiolei extraction orocacure - . 

oountsr-turrent *• is amoioyec ,5.6). if effisiencv or tnis 

technique could be inbreasea It would benefit in bbcn olinicsi snc 

oasi?:::Oiomecloalr:5cianc.e^^^ r X 


The effectiveness of bartition as a seoaracion Qrocecurs resices in the fact 
that the partition coefficient, fe, is sensitive to a variety of cell surface 
onaracteriscics. Moreover, in many cases K aopears to deoend exponenciaily on 
the relevant surface prooerty* particularly on the cell surface charge. This 
is in contrast to the linear oeoenderce of eiectropnoretic modility on surface 

: ' 'c;v ^ ' 
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chaxge density. This relationship accounts In part for the relatively higher 
sensitivity of OCO over preparative cell electrophoresis. 


k strength of the. partition aop roach to cell seoa ration Is that the conditions 
1 I ■ ' ' . 

which detexmlnb: the' value of X ^re fnalnly under experimental control. Hencen 

L ■ '' '' ' * 

the cell characteristic on which the sepaj^tlon Is to be based can be made the 
dominant determinant of X by appropriate choice of ope^tlng conditions. For 

. ' ■ ' I D 

Instance, K can be made sensitive p cell surface charge by Including anions 

such as phosphate, sulfate or cltratei in the system. These salts partition 
slightly unequally in dextran/PEG systems and threfore cause a Oonnan 
potential to aopear between the phases C5). This potential can apparently 
interact with the cell surface potential, since chaxge<!Xlependent cell 
partitions are readily ooservec (3,6). 


There is an aoditional characteristic of these systems recognizee as being an 

■ ■ ■ „ . i ' ■ i '! i . 

important oetaminanc of ceil partition, namely the incerfaciai tension, , 

oetween, the two licnid pnases. If ceils aosoro at the iiouid interface 

between the ohases, the loss of incerfaciai area relative to the situation in 

whicn no adsprotion occurs lowers the free energy of the interf acet ov an 

amount Souai to the area lost times th.e incerfaciai tension. Hence, the 

larger the acsorseo oarcicie or the higner ere tension, tne greater will be 

the tendency for particle aosorotion to occur ac the onase bounoary. In the 

aoueous polymer systems unoer discussion it i is' almost universally observed for 


particles larger than hundred Angstroms in diameter thal^ significant 

adsorption at the phase bounoary does occur, to such an extent that ^partition 
of particles as large as ceils generally takes place between only one of the 
bulk phases and the phase boundary, leaving the other bulk phase emoty. The 


m 5 ^ 
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liquid inta^aeq thertfora acts as a sapanta phase so fsit as partition is 
concerned, 'i'h^t not ail the cells are adsorbed at the phase boundary is 
almost ciutai^dy due to the very low valuer of interfacial tension which occur 
in these systems, typically in the range of 1 to (7) . It is well 

known that as more concent raceo systems with higher incerfaciai tensions are 
used, partition into either the too or bottom pnase decreases nonspecificaliy 
ana all cell types accumulate in the interface. 


The cualitative ooservations outiineo above can be rozmalired into a 
thermodynamic theory of partitioning, ror thermally discributea particles the 
partition coefficient, K =< (number of celils in buik| pnase)/(humoer of ceils in 
interface), should be determined by the free energy difference, 4G, for ceils 
Iccatec either in susoension in one of the phases or aosprpec at tne interface 
between them according to the Soitzmann distribution; 


< 5 2xpc-«iG'/kT' 


• 4 : 1 " 


is cetermineo cv cne 'acters mentioned briefly aoove, as mav oe saen 
its cefiniticn: 

iiG * -yAci - (dy* r/o :zi 

"»nere: i * surface area of cell 

^ -ypt ; , r: 

Ypo» Ypt “ Interfaciai free energy oer unit area of particie 
, in bottom or top pnase 

T s surface charge density of ceil 


s electrostatic potential difference between bottom ana top phai^s. 
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Mon conveniently, 4^ flioy be entessed in teime of the contact angle, 9, 
between the cell surface and the boundary between the phases when tfm cell Is 
adsorbed at the interface: 

cos^ » [3] 

_ /j_ 

4G * -Va( 1 - cose)^/4 [4] 

Extensive stbdtes have recently been carried out to test this relatibnship, 
using cdncact angle itieasuretfiencs to detecnine 4G (10). Briefly, it was found 
that the distribution of cells was stochastic in nature and dependeo 
aoproximateiy exoonencially on 4G, as predicted by equation Cl 3. However, the 
slooes of blots of In K vs 4G, wnich should eoual (-kT) according to equation 
[1], were very different from the predicted value. Indicating an effectiv^ , 
tenoerature for the crocBss son» four to arcers of magnitude greater than 
the actual value. That is, an energy mucn greater than thernal energies was 

■ ' ^ \ ; - ; ^ ' \ r'r^r'v 

actinq to remove cells from the interface, isaving them in susoension in the 
tso onase., MiBijls wnicn were at “neir lowest free energy state adsoroea at tne 
onase bourvrarv were t hersf o re oeir^ removea from that location oy 

forces ana Isneigies wnicn wer^ nqn-thejmai in origin. Siea^riy, if, t^^ 

; /■ ; ' " • ’ ^ J ' ' ^ i l: • . ^ " "i ! r ^ , ■ 

removal of cells from the interface couid Os— teouced or ellminateo^ oairtition 

would more ciosjely approagh theimocynamio oenaviour and the ability of the 
process to seoarate oell types charcterizeo by only small differences in dG 
would be greatly enhanced. 


Hence, 
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At prrstnt m have no direct informetlon bn the source of the randoeizlng 
energy which is obviously ptesenc in these systems. There would appear to be 
no reason for the adsorption process itself to inhibit a strong statistical 


component. Presumably | then, dynamic factors associated with the mecnanics of 
phasaL demixing, settling and cell sedimentation are resoon^^ 


The partition process is initiated by snaking the phase syscim, containing 
cells, until a fine emulsion is formed, charactatizad by a size scale which is 
prooably small reUtive to cellular dimensions. This emulsion tapldly V 
coalesces, without noticeaole settling, until a visible gri^larity appears 
(within a few seconos in some systems) . Convection then sets in anc 
local flow can be seen within the samole until partial bulk phase isolation is 


present, the uoper ano lower phases ceinq seoarateo by a thick ’'interface*^ 
region wnich decreases in thickness with time (on tne order at several 
mihutesv until seoaratisn is comolste. During tnis latter stage unoisturseo 
tsil secimentaticn -sxes rises as ^eil as the settling or cuoyant rising of 
small orooiets (oroer of •nagnituce of cellular dimensions) of eacn cnase 


susoencec in the other. These orcoiets may have ceils antrainec within then 
or icsoroec at their surfaces, -ny of tne aoove processes couic introcuce 


ranaomipacion into the 


final Partition behaviour thrpugn tne release of 



aosoroeo at ti*m interface e/ fluio snear stresses 


•.terceiiular toUisipns. 


If tne source cf the ranoomization could be soecifioaily identifieo, it ouqnt 
*'’0 be DOSsible to design a seoarationi orocess that minimizes this influence. 
Much hiqner resolution separations ; would result, with attenoant benefits to 
biomeoicai investigation and biotechnbibgy . It is towaros this goal that our 
microgravity experiments are oirecteo. 
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Space Experimtnts 

The above discussion suggests that one we/ to attempt to make ti^ partition 

process more closely approach the desired thermodynamic behaviour v»ould be to 

carry out the process in an environment in wnich the fluid shear stresses and 

convection present when the phases are coalescing and settling is strongly 
I . ; 

reduced, the Space Shuttle provides such an environment, so an initial 

expriment was carrieo out on mission 51-0 in April 1985. Before this series 

of experiments was begun it was TK)t at all clear that the two polyber phase 

systems would demix and become locaj|ized in: ah acceptable length of time. 

I This concern iwas based on the behaviour of an oil/water amuXsion which, 

I although it coalesceo and settled rapidly following mixing on the ground, had 

I been found to form a stable emulsion in space (11). However, we were pleased 

I to ciscover that dextran/PEG phase systems aid demix reasonaoly rapicly in a 

I teouced gravity environment. 

i ■ , ■ I : ■ ■ ■ ■ I I 

The experiment flown was an extremely sLmolS obe, consisting of a series of 

j small cnamoexs milled into a plexiglass olocx ano covered by plexiglass sneets 

an tne front ano bacK to allow ooservacion of tne state of the samples. The 
cnanoers were fi ll ed with a variety of oextran/PEG onase systems anc each 
! suoclieo witn a small bail oeatinq wnich acted to mix eacn saipola i<neh tne cox 

! was agitated manually, rollowing shaking the apparatus was mounted on a light 

■j; • - , , - . • 

box ano pnotograpned at intervals to record the progress of the demixing. 

I Some representative photpgraphs of four of the systems taken 19 s and 10 min 

I after mixing are shown in Figure 2. The coriipositions of the phase systems 

i illustrated are as follows: 
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»1 3K dextnn 900 (H « 500, 000), 3.5X PEC aOOO (H «8,C00)i 0,IM 
phosohate buffer, pH 7.2 
02 3X dextran 500, 4d( peg 8000, 0. IH phosphate 

09 dextran 500, 4X PEG 8000, O.lH phosohate 
i #4 7 % dextran 500, 0.29X PEG 8000, 12» PicoU, 0.1M 

i plwsohate 

i: 

It is clear that after only 19 s some degree of demlxing waa present. Ten 

i ■■■■■ : • ; :• • ■ ' ; • - ^ ; 

minutes after agitation Large areas of each phase have become localizeo in 

three of the syscems although that in ^3 showed no appreciable demixing, 

! ■■ 

presumaoly secause of the comoinacion of high viscosities and incerfaciai 
tension in this more concentracec system. 

I The other interesting feature seen is the tendency for tne ?EG-rich onase. 

eyed carK sy inciudirg Trypan slue in each samole, to cccuoy the regions nesr 
j ..ails, the p 2 Xcran-rion Uight) onase -orning soneres in tne 

interiors of the oontainers. cecame e>«n more oronqunceC at 

■ ♦ 

longer times (not shown;. This oistr-ibucicn occurs oecause the PSG-rior. onase 

i ^ ' , ■ / ^ ■ ■ V ^ ^ ^ ^ ^ ^ ^ ;;; ; ■ 

I nas a nigner affinity for cne gnamoer wail than ooes the other onase. nance it 

’ ^Lj : i b_.. : - -J !; : ^ 

tenos to oreferencially wee the cdunoaries ano oisoiace the eextran-rion 

onase. This result was oonfimeo oy maKing contact angis measurements •'<ith 
! the systems illustracec when they -wjre exooseg to piexigiass. 

i The results of this first space experiment were very encouraging then, as it 

I-. ■ , -b ■ ,, ■ ^ ■■ ■, , ■ ■ ■ ■ ■ ■ ■ ■ ■ ■■ ■ ■■■, I ■ ■■ ‘ ■ ■■■" ■ { ■ ■' 

V-:,:: ■ ' " ‘ : 

seems clear that oemixing of the phases can occur in times which are 
V compatible with cell separation experiments. The rate at which the oemixing 
occurs evidently depends on the system composition, so it can be controlled 

^ -b:" ORICTMT ^ 
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txperlnwncallyt LdeillMllon of the deniiMed phases appa. 78 ntly can a’«e be 
contnlled if the wetting of the chamber walls can be manipulated. We are 
currently (JevelcpihQ polymeric c reactions that will allow us to vary 

the contact angle at the container wall at will (12). 

The next series of apace experiments will be aimed at understanding the 
factors which determine the demixing rate and at investigating the 
possibility of utilizing weak electric fields to control the rate of demixing 
and the location of the seoarated phases (13). It will then be possible to 
test our working hypothesis that the reduction of convective and settling 
onenomena will reduce the effects of non therniodynamic factors on cell 
partition and increase the resolution of this already powerful seoaration 
technioue. 
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Flgun 1. Tta nUtlohsr^p lUvting concentntion anct Mlllng prica 

fpr a widr YiiuiQa of biPmataffiaiSi fcakan^ f 

flQUit 2* Tha apptaraneo of four W ficant two phast syttaM^if aaeonda (top 
panal) and 10 minutaa (tottan panall aftar mixing in a raduead gi^«vity 
anvironmant* Tha syatams axa daaeribad in tha taxi. 
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